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ABSTRACT
While the formation of the first black holes at high redshift is reasonably well under-
stood though debated, massive black hole formation at later cosmic epochs has not
been adequately explored. We present a gas accretion driven mechanism that can build
up black hole masses rapidly in dense, gas-rich nuclear star clusters (NSCs). Wind-fed
supra-exponential accretion in these environments can lead to extremely rapid growth,
scaling stellar mass remnant seed black holes up to the intermediate mass black hole
(IMBH) range throughout cosmic time. This new long-lived channel for IMBH forma-
tion permits growth to final masses ranging from 50− 105M. Growth is modulated
by the gas supply, and premature termination can result in the formation of black
holes with final masses between 50 - a few 100M filling in the so-called mass gap.
However, in the most gas-rich NSCs, growth is unimpeded, and this will inevitably
result in the formation of IMBHs with masses ranging from ∼ 100− 105M. A spate
of new detections spanning the IMBH mass function - from the LIGO-VIRGO source
GW190521 to the emerging population of ∼ 105 solar mass black holes harbored in
low-mass dwarf galaxies - are revealing this elusive population. Naturally accounting
for the presence of off-center black holes in low-mass dwarfs, this new pathway to form
IMBHs also predicts the existence of an extensive population of wandering and lin-
gering non-central black holes in more massive galaxies that would be detectable via
tidal disruption events and as GW coalescence events. Gas rich NSCs could therefore
serve as incubators for the continual formation of black holes over a wide range in
mass throughout cosmic time.
Key words: early universe—black hole physics—accretion—Stars: dynamics and
kinematics—Galaxy: formation—galaxies: high-redshift
1 INTRODUCTION
Our universe appears to be littered with black holes, near
and far, active and dormant, with masses ranging from a
few M to supermassive ones weighing 106−10M. Bridging
these mass ranges, an expected population of intermediate
mass black holes (IMBHs) with masses in the range 100 −
105M are predicted to exist. This population of IMBHs has
been challenging to detect, but they are now slowly starting
to be uncovered. The more massive IMBHs with masses of
∼ 105M hosted in low-mass and low-luminosity galaxies
have been detected across a range of wavelengths from X-
ray to radio. In addition, the recent detection of the LIGO-
VIRGO source GW190521 - a merger of two black holes with
masses ∼ 85 M and 66 M and a final merged mass of ∼
142 M - has revealed the existence of black holes at the low
mass end of the IMBH mass range (The LIGO Scientific
Collaboration et al. (2020)). Intriguingly, the mass of the
primary in GW190521 lies in the so-called pair instability
supernova mass gap, the mass range between 50 - 150 M
in which stellar processes are not expected to leave behind
any compact remnants Woosley (2017). The large mass of
the primary black hole in the GW190521 merger puts it
right in the mass gap and therefore necessitates alternate
formation mechanisms.
Observational detection of accreting black holes has pri-
marily been in electromagnetic wavelengths, while more re-
cently detection via gravitational wave (GW) emission dur-
ing BH-BH coalescences by the LIGO-VIRGO collaboration
has opened up a new window into the mass function of stellar
mass black holes and potentially IMBHs (The LIGO Scien-
tific Collaboration et al. 2016, 2020). Accreting supermas-
sive black holes (SMBHs) have been typically detected as
quasars and AGN at high and moderate redshifts, while ac-
creting stellar mass black holes, are typically detected in
the nearby universe as X-ray binaries. In our own Galaxy,
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a total of 106 − 108 stellar mass black holes are predicted
to exist, however, only a hundred or so X-ray binaries are
seen, therefore it is anticipated that a vast population of dor-
mant stellar mass black holes might be lurking (see review by
Remillard & McClintock (2006)). Obtaining a full census of
non-accreting stellar mass black holes has been challenging,
though the recent detection of unusual triple systems like
HR 6819 are likely revealing a new repository of dormant
stellar mass remnants (Rivinius et al. 2020). The prospects
for a more complete multi-messenger census of stellar mass
black holes looks extremely promising.
While for dormant SMBHs indirect detection via their
dynamical influence on stars orbiting in their vicinity in
galactic centers is viable for nearby galaxies, we need to
rely on occasional luminous tidal disruption events (TDEs)
- stripping of stars that stray close - for more distant galax-
ies (Rees 1988). Once again, with advances in time-domain
astronomy - more sophisticated survey strategies and dedi-
cated instrumentation - there has been tremendous progress
in the detection of transient tidal disruption flares. At the
present time, several dozen TDEs have been observed with
multi-wavelength surveys and analyzed (c.f. recent reviews
by Komossa (2015); Stone et al. (2017)).
The local demography of SMBHs suggests that most
galaxies in the universe harbor them at their centers (Kor-
mendy & Richstone 1995). SMBHs are detected in galactic
centers using a multiplicity of observational techniques us-
ing gas, stellar, or maser dynamics as tracers (Saglia et al.
2016; van den Bosch 2016), including Sgr A* at the cen-
tre of our own galaxy (Ghez et al. 2008; Genzel et al. 2010;
Gillessen et al. 2016). Studies have also revealed correlations
between BH mass and various host galaxy properties, like
the stellar mass and luminosity of the bulge, however, the
tightest correlation is the so-called M•−σ relation, that re-
lates the mass of the central SMBH to the velocity dispersion
of stars in inner-most regions of the host galaxy (Ferrarese
2002; Tremaine et al. 2002; Kormendy & Ho 2013). These
relations, it was surmised, are likely the result of SMBH
and host galaxy coevolution in the context of the currently
accepted LCDM model. While the idea of co-evolution has
increasingly garnered support, it remains unknown how and
precisely when, in terms of cosmic epoch, these relations are
established; how far down in black hole mass they extend
to and if they evolve with redshift. The origin of these cor-
relations, and whether they belie underlying physical cau-
sation mechanisms, perhaps an imprint of the initial condi-
tions that reflect the formation of initial black hole seeds or
their growth history over cosmic time is currently debated
(see review for discussion of these open questions and ref-
erences therein Natarajan (2014)). How far down in host
galaxy mass and hence central black hole mass, these local
relations extend to is also unsettled at present as it gets pro-
gressively more challenging to detect accreting lower mass
black holes - IMBHs - in nearby low mass galaxies as they
are exceedingly faint. In the context of the larger structure
formation scenario in a LCDM universe, within which the
black hole growth paradigm is embedded into galaxy as-
sembly, in the hierarchical, merger driven model, one set
of explanations originally proposed for the observed corre-
lation is that SMBHs and their hosts grow in concert over
cosmic time (as suggested bt Haehnelt et al. (1998); Kauff-
mann & Haehnelt (2000); Volonteri et al. (2003); Somerville
et al. (2008) and many other authors subsequently). This, it
is argued, happens when a major merger between galaxies
funnels gas to the centre of the galaxy, that both triggers
an active galactic nucleus (AGN) and a burst of star forma-
tion (Di Matteo et al. 2005). One empirical clue supporting
this picture is the observed “AGN main sequence” a linear
correlation between SMBH accretion rates and star forma-
tion rates inferred from fitting spectral energy distributions,
detected by stacking star-forming galaxies (Mullaney et al.
2012).
It has been challenging observationally to unravel the
link between galaxy mergers and AGN activity, see for ex-
ample (Mechtley et al. 2016) and recent review by Alexan-
der & Hickox (2012). It has been proposed that perhaps it
is only the most luminous AGN that are triggered via ma-
jor mergers (Treister et al. 2012; Hong et al. 2015; Marian
et al. 2019), although this matter is far from settled (Vill-
forth et al. 2017). Some authors have suggested that these
empirical correlations seen locally could simply be a conse-
quence of the central limit theorem: a correlation can result
simply from many mergers of initially uncorrelated SMBHs
and host galaxies that occur over cosmic time (Peng 2007;
Jahnke & Maccio` 2011).
Whether this correlation extends with the same ob-
servationally determined slope all the way down to IMBH
masses or whether it flattens at some characteristic mass
scale, is yet to be determined (Greene 2012). Till recently,
the issue of whether low surface brightness, low mass galax-
ies harbor central black holes at all was unsettled. New ob-
servational studies have been steadily uncovering accreting
IMBHs ∼ 105M black holes - faint AGN - in low mass,
dwarf galaxies (Reines & Deller 2012; Baldassare et al. 2015;
Lemons et al. 2015; Pardo et al. 2016; Baldassare et al. 2018;
Reines et al. 2020). These AGN detections out to z ∼ 3, are
hosted in either disky or dwarf galaxies with stellar masses
M∗ 6 109M and have been detected via their narrow
emission line diagnostics as well as broad lines that have
enabled their mass estimates; X-ray and radio emission sig-
natures as well as the presence of higher ionization emission
lines and on the basis of optical variability (Mezcua et al.
(2018); Mezcua & Domı´nguez Sa´nchez (2020)). In several
instances, as shown in this most recent compilation, Reines
et al. (2020) find that these accreting sources lie off-center,
displaced from the galactic nucleus.
In cosmological simulations tailored to track the growth
history of black holes in dwarf galaxies, Bellovary et al.
(2019a) for instance, find that their occupation fraction de-
pends on the host mass (massive dwarfs are more likely to
host black holes); 50% of the black holes are not centrally
located and are wandering around within a few kpc of the
center and given their low accretion luminosities are un-
likely to be directly detected via emission. The GW signa-
tures from their mergers though, would serve as the optimal
way to detect the population, and this is the merger mass
range at which the planned LISA mission is expected to have
maximum sensitivity (Amaro-Seoane et al. (2017); Bellovary
et al. (2019a)).
These growing discoveries of the long elusive IMBHs
though raises questions about their formation. It is natu-
ral to assume that the initial black hole seeds formed at
high redshifts whose growth was stunted causing them to
not evolve to SMBHs at later times are the likely origin
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for IMBHs. Early modeling work suggested that the occu-
pation fraction of these low mass black holes hosted in low
mass, low luminosity hosts might therefore even offer clear
glimpses of the pristine signatures of the massive seed forma-
tion channel Volonteri & Natarajan (2009). However, it has
become clear in subsequent work, both in simulations and
from observations that feedback from the accretion process
might significantly alter black hole growth in these dwarf
galaxies rendering these to no longer be untouched relics of
high redshift seeds (Mezcua 2019). Though some signatures
of seeding are predicted to persist, however, disentangling
them from uncertainties in our knowledge of the accretion
physics is complicated (Ricarte & Natarajan 2018b). Mean-
while, the case for preferential stunted growth in low mass
host haloes can be made, this though is applicable only to
the small fraction that have experienced quieter merger his-
tories (Natarajan et al. 2020, in prep.). It is entirely possible
that IMBHs have remained elusive as they are preferentially
located off-center or inhabit the outer regions of galaxies
slowly grinding their way in as wanderers which might even-
tually merge or as lingerers that would take longer than a
Hubble to make their way in. Another possibility that has
been suggested is that the IMBH stage during the assembly
of SMBHs might be short-lived due to optimal conditions
that permit rapid growth (Pacucci et al. 2017). Both off-
center black hole populations - wanderers and lingerers -
are currently detected in simulations like the Romulus Suite
(Ricarte et al. 2020, in prep.). The emerging understanding
of growing AGN in dwarf galaxies coupled with the fact that
many of these accreting sources are found to be off-center,
necessitates a new and alternate channel for their continual
formation and growth down to late cosmic times (Mezcua
2019; Mezcua & Domı´nguez Sa´nchez 2020).
In this paper, we propose a physical mechanism that
could in principle, operate continually over cosmic time to
produce a wide mass range of black holes from 50 - 150
M and all the way up to 104−5M IMBHs by amplifying
growth of initial stellar mass remnant black holes inside gas
rich NSCs. We find that such an origin can account for de-
tected IMBH masses; their off-center spatial locations and
perhaps even account for the observed occurrence in special
cases of central SMBHs embedded in NSCs as in the case of
the Milky Way (Scho¨del et al. 2008).
While observationally we are gradually accessing the
full range of the black hole mass function from stellar to
intermediate to supermassive to ultra-massive black hole
masses, theoretically many critical questions remain open:
the origin of the first seed black holes, in particular, those
that are likely to be progenitors of SMBHs; and crucially
whether seed formation ceases or continues to late cosmic
times. There are now two accepted formation routes that
produce light and massive initial black hole seeds at the ear-
liest epochs in the universe. The primary formation mode
for light seeds is believed to be from the remnants of the
first generation of stars (Pop III stars) that likely formed
from pristine gas with a top-heavy initial mass function
(IMF), leaving behind black holes with masses ranging from
a few M to about a 100 M, depending on the details of
the IMF (Abel et al. 2002; Bromm & Larson 2004; Hirano
et al. 2014). Massive seeds in the IMBH mass range weighing
104−5M, on the other hand are proposed to have been pro-
duced from the direct collapse of pristine, pre-galactic gas
disks or from super-Eddington accretion onto light seeds (see
review by Natarajan (2014) and references therein). Cur-
rent models are firmly rooted in the early assembly and
subsequent growth of these seeds and scant attention has
been paid to whether continual IMBH formation might be
permitted at later epochs. Work by Stone et al. (2017)
explores this possibility of the formation of massive black
holes in low redshift galactic nuclei, in NSCs from runaway
tidal encounters. We summarize key aspects of this particu-
lar model as it is expected to proceed in the same sites with
gas facilitated dynamics - in gas-rich NSCs - and can feasi-
bly produce IMBHs continually over cosmic time akin to our
proposed mechanism in which however, the mass assembly
is propelled by gas accretion.
Building upon and extensively expanding on the model
originally proposed by Alexander & Natarajan (2014), here
we present a formation channel that can feasibly operate
throughout cosmic time in gas-rich NSCs and would permit
amplified growth by gas accretion for initially stellar mass
black hole seeds. NSCs with the appropriate central densi-
ties and gas content are the perfect incubators for the growth
of black holes via supra-exponential accretion, details that
we present and explore further here. In §2, we summarize
the current understanding of the formation of IMBHs in the
very early universe followed by a brief review previous work
on NSCs as sites of BH formation in §3, that includes a sum-
mary of observed properties of NSCs, and the key features
of several models proposed by other workers for IMBH for-
mation via merging processes and runaway tidal encounters.
The physical mechanism proposed here for the continual for-
mation of black holes over time by supra-exponential accre-
tion in NSCs is described in detail in §5. Results predicted
by this model are presented in §6. The conclusions and fu-
ture prospects are outlined in the final section that includes
a discussion of the implications of this new channel (i) for
the formation of the massive end of the mass function of
stellar mass black holes and the IMBH recently detected by
LIGO-VIRGO; (ii) for the recently detected IMBHs in low
mass galaxies and (iii) the implications for the occupation
fraction; prevalence of wandering as well as lingering black
holes in galaxies and the expected enhancement in LISA
merger rates.
2 SUMMARY OF HIGH REDSHIFT IMBH
FORMATION MODELS
There are currently two classes of seeding models that pro-
duce light and massive initial seeds at high redshift - both
offer pathways for making IMBHs at early cosmic epochs.
A brief summary of these high redshift formation channels
is warranted as one of them, the direct collapse model pro-
duces IMBHs from the get go. Meanwhile, light seeds fol-
lowing growth in early galaxies reach IMBH masses. Given
these two formation channels, we expect IMBHs to be fairly
abundant yet challenging to detect directly in the early uni-
verse. Light stellar mass seeds originate as the end state of
the first generation Pop III stars. The first episode of star
formation in the early LCDM universe (z > 15), commenced
with the cooling and condensing of pristine gas in collapsed
dark matter halos. At these epochs, atomic hydrogen was
the only available coolant resulting in large Jeans masses
MNRAS 000, ??–?? (2017)
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for the collapsing gas causing the initial mass function of the
first stars to be tilted high. This was observed in early com-
putational models developed by Abel et al. (2002); Bromm
& Larson (2004). However, in more recent simulations with
higher resolution, gas clouds are seen to fragment more eas-
ily, leading to the formation of a cluster of lower mass stars
(Hirano et al. 2014). At any rate, as a consequence of stel-
lar evolution, this first generation of stars is expected to
leave behind remnant black holes - light initial seeds - with
masses of a few to few tens of M (Skinner & Wise 2020;
Hirano et al. 2014). These light black hole seeds have been
shown to subsequently grow too sub-optimally to account
for the masses of the SMBHs powering observed quasars
at z > 6. This is due to the fact that their typical cosmic
environments permit only sub-Eddington growth rates with
short duty-cycles (Alvarez et al. 2009). However, under some
special circumstances, initially light stellar mass seeds can
undergo brief periods of amplified growth at early cosmic
epochs powered by super-Eddington accretion or grow via
mergers with other light seeds as suggested by Volonteri &
Rees (2005) to account for the inferred masses powering the
luminous quasar population. Regardless, these light seeds
can and likely comfortably grow to the IMBH mass range,
though direct detection via their accretion luminosities at
these early epochs is extremely challenging with current ob-
servational facilities. Proposed future facilities like the Lynx
Observatory will have the capability to detect IMBHs with
masses 6 105M at z ∼ 10 1.
Massive seeds, whose birth masses (104−5M) lie in
the IMBH range, are postulated to originate from the direct
collapse of low angular momentum primordial gas clouds as
proposed by Koushiappas et al. (2004); Eisenstein & Loeb
(1995); Begelman et al. (2006); Lodato & Natarajan (2006,
2007). The formation of these direct collapse black holes
(DCBHs) requires the following special physical conditions
in preferentially low angular momentum host halos: the pres-
ence of metal-free, pristine gas in these halos that settles
into a massive disk that goes globally unstable via induced
non-axisymmetric instabilities like bars; and the presence
of Lyman-Werner photons that dissociate H2 molecules to
suppress cooling and fragmentation to prevent the forma-
tion of stars (Oh & Haiman 2002). DCBHs form when gas
in these massive, early pre-galactic disks goes dynamically
unstable and rapidly drains matter to the center dispersing
angular momentum outward via small scale bars and conse-
quently growing a massive central object. In a low angular
momentum setting, wherein disk fragmentation is prevented,
the direct collapse of gas produces seeds with IMBH masses
∼ 104−5M, significantly more massive than those gener-
ated by Pop III stars (e.g., Clark et al. 2008; Ferrara et al.
2014; Agarwal et al. 2016).
Lodato & Natarajan (2006, 2007) connected the large-
scale cosmological context to the properties of these assem-
bling seeds and derived a predicted the high redshift initial
mass function for these IMBH seeds. The prediction of the
birth mass function of these massive seed black holes has
permitted demographic modeling and tracking their growth
and assembly history over cosmic time. An interesting fea-
1 For more details see Lynx Concept Study available at:
https://wwwastro.msfc.nasa.gov/lynx/docs/LynxConceptStudy.pdf.
ture of these models is a natal correlation between properties
of the host galactic nucleus and initial massive seed mass,
i.e. the Mbh − σ correlation originates as a consequence of
initial conditions (Volonteri et al. (2008)). Current state-
of-the-art simulations find that sites that satisfy the above
criteria for pre-galactic direct collapse are available in the
LCDM cosmogony, and have the appropriate abundance to
account for the observed rare luminous quasars at high red-
shift (Agarwal et al. (2014)). In fact, the massive seed for-
mation channel was originally motivated in order to explain
the bright, rare quasar populations detected at z > 6 from
surveys like the Sloan Digital Sky Survey (Fan et al. 2003).
The more ubiquitous Pop III remnant light seeds however,
serve as the progenitors for the typical SMBH with masses in
the range of 106−7M detected today. Therefore, with the
head-start in initial masses, while the massive IMBH seeds
can comfortably account for the SMBHs powering the de-
tected luminous quasar population at the highest redshifts,
while the light seeds suffice and can adequately explain the
rest of the quasar/AGN population as well as the locally
detected dormant SMBH population. An alternate pathway
that produces massive initial seeds with masses in the IMBH
range via the dynamical core collapse of the first generation
of star clusters at early times has been proposed by Lupi
et al. (2014).
3 NUCLEAR STAR CLUSTERS AS SITES OF
BLACK HOLE FORMATION
NSCs and SMBHs are often detected at the centers of galax-
ies, typically in galaxies with 109M < M∗ < 1011M and
they can often co-exist (see Georgiev et al. (2016) and
references therein). However, in lower mass galaxies with
M∗ < 1011M galactic nuclei contain NSCs with masses
that are proportional the stellar mass of the spheroidal com-
ponent; and in the most massive galaxies (that tend to not
contain NSCs) its the SMBH that inhabits the galactic nu-
cleus. Given that NSCs are ubiquitous, they have been pro-
posed as sites for black hole seed formation, particularly
at high redshift. Below, we briefly outline two previously
proposed scenarios in which the formation of an IMBH in
the mass range of 103−5M is facilitated by various stellar
dynamical processes and accretion that can occur in NSCs
(Stone et al. 2017; Devecchi & Volonteri 2009) and one sce-
nario that implicates gas dynamical processes in NSCs pro-
posed by Lupi et al. (2014). There have been other merger
driven proposals to assemble IMBHs in globular clusters (see
for instance Miller & Hamilton (2002); Antonini et al. (2019)
and references therein), here we focus on the gas-rich dense
NSC environment and summarize below only models that
include mass growth via accretion in addition to stellar dy-
namical processes in these particular sites.
3.1 Properties of Observed Nuclear Star Clusters
NSCs are observationally found to be extremely dense and
massive star clusters that occupy the inner-most nuclear
regions of most luminous galaxies. Detected as highly lu-
minous compact sources, distinct from star clusters, they
constitute the excess light above and beyond the inward ex-
trapolation of the surface brightness profiles of galaxies on
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scales 6 50 pc. NSCs have measured central densities of
106−7M pc−3 on scales of 0.1 pc and 102−4M pc−3 on
scales of 5 pc (Scho¨del et al. 2008; Feldmeier-Krause et al.
2017). The nuclear regions of most, if not all galaxies seem
to harbor a NSC and/or a SMBH. NSCs are abundant and
appear to inhabit > 60-70% of early and late-type galax-
ies (Neumayer et al. 2020). The scaling relations of NSCs
and SMBHs with their host galaxy properties are surpris-
ingly similar - which led to the use of the more generic term
of central massive object (Ferrarese 2002). The mass of the
central SMBH and the mass of the central NSC are found to
correlate with host galaxy luminosity, stellar mass, and stel-
lar velocity dispersion. As with the empirically determined
correlations between the SMBH and host bulge mass noted
earlier, the origin of the correlations with the mass of NSCs
is yet to be fully understood. A recent detailed review of
the current status of our understanding of observed NSCs
and their properties can be found in Neumayer et al. (2020)
and key formation mechanisms for NSCs are described in
Antonini et al. (2015) and references therein.
Particularly intriguing are galaxies like the Milky Way
(M∗ ∼ 1010M) in which a SMBH and a NSC co-exist. The
central SMBH in the Milky Way with a mass of ∼ 4×106M
is harbored in a fairly typical NSC with a surface density of
∼ 2× 105M pc−2 within the effective radius and a density
of ∼ 2.6×105M pc−3 within the inner 0.1 pc (Scho¨del et al.
2008; Feldmeier-Krause et al. 2017). It has been suggested
that the presence of a massive black hole might inhibit the
onset of core-collapse in the NSC, causing it to expand be-
fore eventual disruption (see references in Neumayer et al.
(2020)). In addition, the tidal forces from a MBH on the
NSC are likely to be significant when the radius of influence
rinf of the MBH is comparable to size of the NSC. Since rinf
scales linearly with the mass of the black hole, the impact
of the MBH on stellar orbits in NSCs is more significant
for more massive black holes. Independent of how this co-
existing eco-system is assembled, whether via the inspiral of
a NSC into a galaxy core with a pre-existing MBH or vice-
versa; the integrity of the NSC and its dynamics are likely
to be transformed when the MBH mass is comparable to or
exceeds that of the NSC.
Using a large sample of NSCs Georgiev et al. (2016)
recently explored scaling relations with their host galaxies,
including cases when a MBH is harbored in a NSC. They find
variations in the slope and offset of the scaling relations that
depend on the morphology of the host galaxy. The following
key findings from the analysis of observations by Georgiev
et al. (2016) are salient for the physical picture presented in
this work: NSCs are found to be rarer in high-mass galax-
ies, which preferentially contain a central SMBH instead,
suggesting that with increasing galaxy mass, processes that
either prevent the formation of NSCs or those that destroy
them are efficient; and for low mass galaxies, extrapolation
of the relation between co-existing central BHs and NSCs
with galaxy stellar mass suggests the presence of IMBHs
with mass of 104−5M in them.
3.2 Massive black holes from runaway tidal
encounters in nuclear star clusters
Stone et al. (2017) propose that as all galaxies likely harbor
NSCs with masses proportional to their spheroidal mass, in
those above a critical threshold stellar mass the NSCs can
serve as feasible sites for the formation of an IMBH and or a
SMBH from stellar remnants that could end up eventually
as central BHs. They argue that runaway tidal encounters,
both tidal capture and tidal disruption offer a unique growth
channel for the remnant stellar mass black holes in these en-
vironments. Stellar mass black holes in NSCs, Stone et al.
(2017) argue, can experience runaway growth to produce
IMBHs/SMBHs, driven by tidal interactions with stars in
the NSC in a three-stage process each defined by stellar dy-
namical process that dominate. Early-on the mass growth
process is extremely efficient and is driven by the unbound
stars leading to supra-exponential growth. Once the BH has
grown to ∼ 100 M, the growth switches predominantly due
to the feeding of bound stars thus depleting the loss cone.
In this second stage too, the mass build-up of the black hole
can be extremely rapid. At later times, the growth slows
down as it occurs in a diffusion limited fashion by depletion
of the entire mass of the cluster core leading to eventual
saturation at Msat ∼ 105−6M ∝ σ3/2 t1/2 where σ is the
velocity dispersion of the NSC and t is growth time in this
final mode. Of course, for such runaway processes to op-
erate, the NSC has to be dense, with a central density of
nc > 107 pc−3, to enable the enhanced star-BH interaction
rate required to jump-start and promote this growth chan-
nel. Several observed low redshift NSCs appear to have the
requisite densities to be viable sites for this process to pro-
ceed (see Table A1 in (Georgiev et al. 2016)). Remarkably
with this tiered stellar dynamical processing driven model,
Stone et al. (2017) are able to reproduce a scaling relation
between black hole mass and the velocity dispersion of the
host galaxy that is close to the observed Mbh − σ relation.
3.3 Massive black holes from core collapse and
stellar collisions in nuclear star clusters
Devecchi & Volonteri (2009); Devecchi et al. (2010) present
a scenario for the formation of (∼ 1000M) black holes
that are produced primarily via stellar-dynamical processes
in the first generation of star clusters that likely assemble
at z ∼ 10 − 20. With conditions similar to those that are
conducive to DCBH formation, a generation of early seeds,
they argue, could form from a set of cascading instabilities
that occur in protogalaxies with low metal content. These
are expected to occur in massive high redshift halos with
Tvir > 10
4 K, soon after the first generation of stars - whose
IMF is believed to be skewed to the high mass end - have
finished their evolution. The following additional conditions
are needed to lead to seed formation: atomic hydrogen be
the only efficient coolant available to cool gas; there is a
background UV field from the first stars, and the gas in
the halo is nearly pristine but could be polluted lightly by
metals from the life-cycle of the first stars. These conditions
ensure that in the next generation, dense compact star clus-
ters form in the inner regions of these protogalaxies that
in turn undergo core collapse prior to stars finishing their
entire life-cycle. Following which, runaway stellar collisions
can assemble a very massive star that will eventually leave
behind a black hole of 1000− 2000M - an IMBH born out
of stellar dynamical activity in a NSC at extremely high red-
shifts. Given the required conditions for the cascading set of
MNRAS 000, ??–?? (2017)
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processes, this is likely to occur only at the highest redshifts
and terminate once metal cooling starts to dominate.
3.4 Massive black holes forming from gas inflows
in high redshift NSCs
Lupi et al. (2014) explore a scenario in which akin to the
model proposed by Alexander & Natarajan (2014) high red-
shift gas-rich NSCs are invoked as viable sites for the for-
mation of massive BHs. Implementing a model originally
proposed by Davies et al. (2011), in the cosmological con-
text at high redshift, they investigate the gas driven core
collapse of a dense cluster of stellar mass black hole rem-
nants in the NSC environment. The NSC itself first forms
in a pre-galactic gas disk in a dark matter halo and in order
to retain the remnant stellar black holes, external gas cap-
ture is invoked to boost the depth of the potential well. Gas
inflows that bring in ten times the mass of the NSC in gas
- required to deepen the NSC potential to retain the stellar
remnants are expected to be provided either from mergers
with other gas rich haloes or from instabilities instigated
in the underlying pre-galactic disk environment. Combining
a cosmological simulation to track dark matter halos and
baryons at high redshift, they model the formation and sub-
sequent evolution of the NSC with a semi-analytical model
and find that once relativistic core collapse is catalyzed, a
final BH with masses between 300− 1000M, in the IMBH
mass range, can form readily. In order to operate, this mech-
anism requires large gas inflows and a suppression of three-
body interactions that might lead to the ejection of stellar
remnants prior to core collapse.
In contrast, the Davies et al. (2011) model offers a more
efficient channel that operates only in the most massive
NSCs with high velocity dispersions. In NSCs with veloc-
ity dispersions between 40 - 100 km s−1 wherein two-body
relaxation times are short enough to ensure mass segrega-
tion leading to the formation of a core of stellar mass black
holes. The depth of the potential well in these NSCs leads
to the ejection of the majority of stellar remnants via three-
body interactions or gravitational wave recoil. However, if
a single or binary black hole remains un-ejected, then it is
retained in the core and can grow subsequently by capturing
the remaining cluster stars.
4 THE PHYSICS OF CONTINUAL BH
FORMATION IN A DENSE, GAS-RICH NSC
Here we present the detailed physical process that provides
a robust channel to amplify and grow stellar mass remnants
into a range of final BH masses in the environment of dense,
gas-rich NSCs. Our proposed continual BH formation mech-
anism rests on the following properties of gas accretion: (i)
Bondi accretion (or other accretion processes where the gas
inflow rate increases with central accreting mass faster than
linearly) leads to supra-exponential mass increase, diverg-
ing in a finite time; (ii) the limit imposed on the spherical
accretion rate increases well above the Eddington rate with
increasing optical depth approaching the Bondi rate at high
optical depths and finally (iii) that spherical accretion can
occur for black hole seeds embedded in gas rich NSCs.
4.1 Physical Processes: supra-exponential
accretion of gas by a wandering BH
We begin by discussing in detail the key elements and phys-
ical processes invoked for the rapid mass growth of an ini-
tial stellar mass seed BH embedded in a gas rich NSC. Our
proposed scenario is driven by supra-exponential accretion
of gas with finite optical depth aided by the dynamics of
the BH in the host cluster, and enabled by the evolution
of angular momentum in the accretion flow due to scatter-
ing of the BH. The first point to note is that essentially any
stronger-than-linear dependence of the accretion rate on the
BH mass, will lead to divergent growth of the BH mass in a
finite time. And this timescale for divergence can be explic-
itly computed as done below for the relevant case of Bondi
accretion, and the shortness of this timescale compared to
other relevant dynamical timescales that disrupt or render
the NSC unstable is what permits the extremely rapid early
growth in this environment.
Consider the two limiting cases of spherical accretion—
that of a completely transparent flow, and that of a com-
pletely opaque one. These are described by the Eddington-
limited accretion solution (which assumes zero optical depth,
gravity and radial radiation flux forces only, neglecting gas
pressure gradients) and the Bondi solution for adiabatic in-
dex Γ = 4/3 (which assumes infinite optical depth, gravity
and radiation-dominated gas pressure gradients only, but no
radiation flux force).
Optically thin accretion allows radiation to escape from
all regions of the flow. In the limit where gas pressure can
be ignored (a consistent, but not necessary, implication of
low optical depth), the balance between gravity and radia-
tion flux pressure establishes a maximal accretion rate, the
familiar Eddington limit. The Eddington luminosity is de-
fined as:
LEdd =
4piGMbh c
κ
, (1)
and the Eddington mass accretion rate is:
M˙Edd(η) =
4piGMbh
η κ c
≡ Mbh/t1
ηE
, (2)
where 0.057 6 ηE 6 0.42 is the radiative efficiency (typ-
ically, ηE = 0.1; κ the opacity taken to be the Thomson
electron-scattering opacity and t1 = κc/4piG is the Edding-
ton timescale (for ηE = 1). Accretion at the Eddington limit
results in exponential mass growth from an initial mass M0
given by:
Mbh(t) = M0 exp(t/tE) (3)
on the characteristic Salpeter timescale,
tE =
ηE
1− ηE t1 , (4)
where the typically small and often neglected, (1−ηE) factor
in the denominator accounts for the loss of rest-mass by the
escaped radiation, that is,
M˙bh = (1− ηE)M˙E . (5)
Defining M˙1 = M˙Edd(η = 1) = LEdd/c
2.
Briefly reviewing the Bondi picture, consider a BH of
mass Mbh that accretes from a gas reservoir with density
ρ∞, sound speed c∞ and opacity κ at infinity, while mov-
ing at velocity vbh < c∞ relative to it. We assume here
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that the BH velocity is a small perturbation on the spher-
ical accretion solution, and can be ignored for the purpose
of estimating the general properties of the accretion flow.
The opacity is assumed to be independent of the gas prop-
erties (specifically, electron scattering opacity). Gas around
the BH within the accretion (or capture) radius (Hoyle &
Lyttleton 1939; Edgar 2004)
ra = 2GMbh/(c
2
∞ + v
2
bh) , (6)
is dynamically bound to the BH, which is a necessary, but
insufficient condition for the gas to accrete onto it. The grav-
itational energy of the gas that is released as radiation when
it flows toward the BH can reach a distant observer only
from gas emitting outside the photon trapping radius rtrap.
The photon trapping radius rtrap is:
rtrap =
κ M˙bh
4pi c
=
M˙bh
M˙1
rg, (7)
where the local definition of the optical depth τ(r) = κ ρ(r) r
is used in the trapping criterion, vr(r) = c/τ(r) and the
spherical continuity equation M˙ = 4pi r2 ρ(r) vr(r) is as-
sumed.
From the outset, given the geometry under considera-
tion, we assume that Bondi accretion with adiabatic index
Γ = 4/3 appropriately describes the flow, supported also by
the analysis of Soffel (1982), without requiring us to account
for the limiting effect of radiation flux pressure from a small
embedded accretion disk. The smallest possible trapping ra-
dius is at the innermost stable circular orbit (ISO), which is
a property of the BH’s mass and of its spin relative to the
gas. For a non-spinning BH, rISO = 6rg = 6GMbh/c
2. How-
ever, trapping can occur at much larger distances when the
accretion flow is optically thick enough so that the photon
diffusion velocity upstream is slower than the inflow velocity
(Begelman 1978). Therefore,
c/τ(rtrap) = c/[κρ(rtrap)rtrap] (8)
is lower than the inflow velocity (Begelman 1978),
v(rtrap) = M˙/[4pir
2
trapρ(rtrap)]; rtrap = M˙κ/4pic. (9)
The radiative efficiency at the trapping radius is:
ηtrap =
GMbh
rtrapc2
=
Mbh/t1
M˙bh
(10)
In this case, rtrap  rISO, and its location is a property
of the flow. Photons emitted inside rtrap are simply advected
with the flow and accreted by the BH.
Let us assume that the gravitational potential at rtrap
can be approximated as φ = −GMbh/rtrap and that the
gas falls from infinity with zero energy. The radiative ef-
ficiency of the accretion flow, that is, the fraction of rest
mass energy released to infinity, is then η = GMbh/rtrap c
2.
Note that even at r > rtrap, the released radiation need not
necessarily interact with the accretion flow upstream. If it
doesn’t, it will not suppress the flow, there will be no upper
limit on the accretion rate, and hence on the BH growth
rate as in the Bondi case. In this event, the accretion rate
is set by the boundary conditions ρ∞/c∞ and is therefore,
in principle, unbounded. In the limit τa → ∞ the flow is
adiabatic, regulated by the balance between gravity and gas
pressure, which is described by the Bondi solution. For now
we assume that vbh/cs → 0 (Bondi 1952) with radiation-
dominated gas pressure (adiabatic index Γ = 4/3), and the
relevant Bondi accretion rate is:
M˙B(Γ = 4/3) =
pi√
2
r2aρc∞ = pir
3/2
a
√
GMbhρ∞ . (11)
The Bondi accretion rate equation can be cast in a form
similar to that of the Eddington limit (Eq. 2) as done below:
M˙B =
√
2piτaGMbh
κc∞
≡ Mbh/t1
ηB
, (12)
where
ηB =
23/2
τa
c∞
c
≡ ηB,1
τa
, (13)
is defined in terms of τa = κρ∞ra, the optical depth on the
scale of the accretion radius, evaluated with the asymptotic
density ρ(ra) ∼ ρ∞. It then follows that (Eq. 10)
rtrap =
( τa
25/2
c∞
c
)
ra , (14)
and that the condition for adiabatic flow (rtrap > ra) is:
τa > 2
5/2(c/c∞). (15)
Note that a similar condition was derived by Begelman
(1978), τa > (2
3/2/
√
3)(c/c∞). For an optically thick flow
where the radiation is trapped and accreted by the BH,
M˙bh ' M˙B (cf Eq. 4).
Unlike the Eddington accretion rate which scales ∝
Mbh, and therefore results in exponential growth, wherein
the BH mass diverges only as t → ∞, the Bondi accre-
tion rate scales as ∝ M2bh, and its solution has a supra-
exponential accretion rate, where the mass diverges in a fi-
nite time t∞ = ηB(0)t1, 2 where ηB(0) is evaluated with
τa(M0),
Mbh(t) = M0 /[1− t/t∞] (18)
The dMbh/dt ∝M2bh scaling and rapid mass divergence
of the high optical depth limit is that of the simple radiation-
less, wind accretion rate, M˙bh = pir
2
a(Mbh)ρ¯v. This is the
appropriate rate when radiation pressure back-reaction is
irrelevant.
Radiation produced interior to the trapping radius is
advected into the BH, as the high local optical depth in this
region renders the outward diffusion of photons to be much
slower than accretion inward, therefore the luminosity that
escapes outward to infinity L∞, has an effectively lowered
radiative efficiency ηtrap and does not exceed LEdd while
2 We note here that supra-exponential growth is not limited to
the τa  1 case of Bondi accretion. Any stronger than linear
(M˙• ∝Mbh) dependence suffices. For example, consider the scal-
ing,
M˙• = M1+αbh /(M
α
0 tα), (16)
where α > 0, tα is the accretion timescale and M0 is the initial
mass. The growth solution is then
Mbh(t) = M0/ [1− t/t∞]1/α , (17)
where t∞ = tα/α is the time to divergence, which as expected
goes to infinity in the limit α → 0 (Eddington). Physically, the
divergence implies that the BH will exhaust its mass reservoir by
time t∞, and from that point on, the accretion will be entirely
supply-limited.
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permitting supra-exponential accretion (Begelman 1978). As
outlined in (Alexander & Natarajan 2014), the correspond-
ing effective radiative efficiency for the radiation that es-
capes to infinity is:
ηtrap =
GMbh
max (rtrap, rISO) c2
= min (
rg
rtrap
,
rg
rISO
), (19)
where rISO is the inner-most stable circular orbit. And the
resulting luminosity from spherical accretion LS which can
never exceed the Eddington rate, irrespective of the mass
accretion rate, is given by:
LS = ηtrap M˙S c
2 = min (
M˙1
M˙S
,
rg
rISO
) M˙S c
2 (20)
6 min (LEdd,
rg
rISO
M˙S c
2) 6 LEdd. (21)
Begelman (1978) estimated LBondi ' 0.6LEdd, taking into
account the support against gravity provided by the escap-
ing radiation. And the mass accretion rate is then:
M˙Bondi =
pi r2a ρ∞ c∞
6
√
2
, (22)
where the mass accretion rate above is suppressed by an
extra-factor of 1/6 ∼ (1−0.6)2 with respect to the standard
Bondi rate (see Eq. 11) due to the lowered value of LBondi '
0.6LEdd. The supra-exponential mass growth rate for the
initial BH seed of mass Mi is:
Mbh(t) =
Mi
(1− t
t∞ )
(23)
where the growth divergence time-scale t∞ is given by:
t∞ =
3
pi
√
2
c∞
G2Mi ρ∞
(24)
4.2 Timescales relevant to BH dynamics in the
host NSC
The rapid mass amplification provided in the environment
of a typical gas-rich NSC comprises three stages, the first
is when the initial seed BH with mass comparable to or
slightly larger than that of a typical cluster star can be
treated as test particle in equipartition with the stars that
it scatters off. The BH wanders around as it attains dynam-
ical fluctuation-dissipation equilibrium with the stars in the
NSC via two-body interactions. At this point the BH is in
equipartition with the stars and wanders randomly (Stage
1). During these excursions it gains mass via Bondi accre-
tion (defined and shown as Stage 2 in the schematic Fig. 1)
followed by a transition to the next growth stage when the
mass of the BH has grown to be large enough that its motion
is damped and it moves toward settling down at the center
of the NSC (defined as Stage 3). Once the damped motion
of the BH ceases, it ends up as a stationary BH at the cen-
ter of the NSC. Subsequent growth is likely to occur in an
Eddington limited fashion provided there is gas is available
in the reservoir. The final mass is expected to be the IMBH
mass range.
For our picture of early mass growth in Stages 2 and 3
to work, the wandering BH fed by wind accretion requires
a stable NSC core environment. Therefore, the dynamics of
the embedded wandering BH needs to be followed in the
larger context of the host NSC and its relevant evolutionary
timescales. The BH mass build-up timescale can then be
computed given the properties of the accretion flow.
Therefore, first we need to compute and compare the
various characteristic timescales for dynamical processes
that operate in the NSC. The relevant processes and their
characteristic timescales to consider are: the two-body re-
laxation timescale evaluated usually at the half mass radius
trh; the collisional time-scale tcoll for stellar collisions; and
the evaporation timescale tevap for the cluster. Here, we ar-
gue that the vector resonant relaxation timescale tνRR is an
important new determinant of the fate of the BH and its
growth cycle as this is the timescale on which the angular
momentum of the accreting BH is randomized. To calculate
these timescales explicitly, the Plummer model is used to
model a fiducial NSC. It is the ratio of the mass divergence
timescale (Eqn. 24) to the two-body relaxation timescale
that determines the mass growth factor of the BH in Stage
2. The growth process can stall prior to the end of the BH’s
damped random walk (Stage 3) through the nucleus of the
NSC. Termination of the early growth process can occur and
as we show later, this will lead to the production of lower
final BH masses.
The initial seed BH in this scenario is expected to be
provided by core-collapse, from Pop II progenitors, and is ex-
pected to beO(5−10) times more massive than the mass of a
typical cluster star, taken to be ∼ 1M in its birth cluster.
In previous work, examining the high redshift case, Alexan-
der & Natarajan (2014) adopted initial conditions relevant
for PopIII remnants and the expected gas content of NSCs
that form at z ∼ 10 − 15 with guidance from cosmological
simulations Wise et al. (2019). For models considered here,
we use the observationally determined parameters provided
in Table A1 for the fiducial NSC properties (Georgiev et al.
2016).
The constituents of gas rich NSCs at later epochs con-
sidered here are modeled as follows: the mass distribution
of the inner region is modeled as a spherical constant den-
sity core of a Plummer model with a total mass in stars
and gas of MNSC with radius RNSC, and with 1D veloc-
ity dispersion σ assuming that the velocity distribution is
Maxwellian. For an NSC that contains N? stars of mass
M? each and a single BH initially of mass Mbh, we define
the following quantities, the mass ratio Q = Mbh/M?; clus-
ter velocity V 2NSC = GMNSC/RNSC and the cluster angular
velocity Ω2NSC = R
3
NSC/GMNSC. Further, we assume that
initially the mean energy of the wandering BH is given by,
Ebh = 3M?σ
2
? is in equipartition with that of the stars,
parametrized by the velocity dispersion for the stars σ?. The
equations governing the motion of the BH define the excur-
sions from the center driven by scattering off the stars in
the potential of the constant density core. These represent
small perturbations from the center and are aptly described
at the beginning by a 3D harmonic oscillator during Stage
1 of the growth cycle,
r¨ = −Ω20rrˆ, (25)
where v2/2 + Ω20r
2/2 = Ebh/Mbh, and the fundamental fre-
quency is given by, Ω20 ∼ O(Ω2NSC). Equipartition then
implies that the BH’s rms 3D velocity is v2bh = 3σ
2
bh =
(3/Q)σ2? and its rms 3D displacement from the center is
∆2bh = (3/Q)σ
2
?/Ω
2
NSC. Initially, assuming that the gas and
stars both share the cluster’s velocity dispersion, σ2 ∼ V 2NSC,
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it then follows that the velocity of the BH is given by
v2bh ∼ V 2NSC/Q and the wandering distance is given by
∆2bh ∼ R2NSC/Q that is, the BH’s typical velocity is lower
than the typical velocity of stars in the NSC potential, and
its excursions away from the center are confined to the core,
where the density is nearly constant.
Two-body interactions of the roving BH with the cluster
stars will lead to the establishment of a statistical equilib-
rium between the energy and angular momentum of the BH
and the stars on the two-body relaxation timescale and will
change the orbital energy and angular momentum of the
BH by order unity around their equipartition values on the
timescale given by:
trh ' 0.9N∗
[s2 ΩNSC log(0.28N∗)]
(26)
which is very short for the typical dense NSC parameters
(Giersz & Heggie 1994). The equilibrium driven by the bal-
ance of the two-body scattering (fluctuations) and dynam-
ical friction (dissipation) is that of equipartition if the ve-
locity distribution of stars in the NSC is assumed to be a
Maxwellian as done here (Chatterjee et al. 2002). In this
event, exact expressions for the velocity and wandering dis-
tance for the BH in the Plummer potential (Chatterjee et al.
2002) can be calculated, and are given by:
v2bh =
25/2
3
V 2c /Q , ∆
2
bh =
2
3
R2c/Q. (27)
The internal dynamics of the NSC determines its stabil-
ity and lifetime. The stars will eventually destroy each other
by physical collisions and the collisional destruction time for
stars with typical mass of ∼ 1M and size of a solar radius
is given by:
tcoll ' 2.1× 1012( n
106 pc−3
)−1 (
VNSC
30 kms−1
) (28)
It will however take multiple encounters for destruction by
collisions, and this is expected to occur on a timescale of the
order of 1010−11 yr for the typical values for NSCs adopted
here (Murphy et al. 1991). Even if the NSC manages to
remain undisrupted by collisions, it will eventually evaporate
on a timescale of:
tevap ∼ 100trh ∼ 1010 yr (29)
estimated once again for the typical values adopted here
(e.g. Binney & Tremaine 2008).
Dissolution of the cluster via two-body ejections of stars
occurs on a significantly longer timescale and can be ignored
here (e.g. Binney & Tremaine 2008, Sec 7.5.2). and the ejec-
tion of the BH itself by two-body interactions is suppressed
by the mass ratio 1/(1 + Q) and is therefore unlikely (e.g.
Heggie & Hut 2003, Eq. 16.3).
As the wandering BH accretes mass via subsonic wind
accretion in Stage 2, the motion will subsequently be
damped as it transits to Stage 3. As rapid mass growth pro-
gresses, once the system is no longer in equipartition, which
occurs when the initial seed as grown sufficiently to the value
Meq the motion will start to decay. The equation of motion
that best describes the motion at this juncture is that of
a damped 3D harmonic oscillator, with damping terms on
the accreting BH provided by (i) the drag force of the non-
rotating pressure supported gas - parameterised using an
accretion coefficient γa below and (ii) the drag provided by
dynamical friction - parameterized using the coefficient γdf
below. The motion thereafter is described by the following
equation of motion:
r¨ = −2(γa + γdf)r˙ − Ω20rrˆ, (30)
according to which the BH will come to a halt as it attains
a terminal mass of ∼ 100−1000M and settles down at the
center of the NSC. At this juncture, post Stage 3, growth will
continue via accretion that is limited only by the availability
of gas. And in principle, this now central BH can easily grow
to a final mass between 104−5M. The final mass depends
on the gas mass available, and potential replenishment of
the gas reservoir which depends on the location of the NSC
with respect to the galaxy center as well as the probability
of a galaxy merger.
As the BH becomes massive as it accretes non-rotating
gas (relative to the cluster center), it slows down and sinks
to the center, it can no longer be treated as a test parti-
cle, and it begins affecting the dynamics and evolution of
the cluster. If its accretion rate is faster than the two-body
relaxation rate, as must occur eventually when the accre-
tion diverges, equipartition can no longer be maintained,
and the BH becomes ever slower due to damping. As the
failure of equipartition starts to occur the extrapolation of
the initial conditions and dynamics still remain reliable and
this permits estimation of the terminal BH mass at Stage 3.
We estimate a range of values for specific NSC parameter
choices. The terminal mass at the end of Stage 3 is dictated
by the race between the decay of the BH orbit, and the in-
crease in the captured angular momentum with BH mass.
At this juncture the accretion radius ra is no longer much
smaller than the BH orbit and we use this as the limiting
criterion to compute the terminal mass at the end of Stage
3.
4.3 Physical Processes: Angular momentum
considerations
In our proposed picture, as noted above the accelerated mo-
tion of the light BH relative to the stars is unavoidable, in
fact, there is no physical mechanism that could keep the
BH stationary in the early stages. This motion is the chal-
lenge, as on the one hand it permits jump-starting supra-
exponential early growth while it also induces angular mo-
mentum in the accretion flow on the BH. However, what
mitigates this problem is that the motion of the BH is en-
tirely random. and that the motion decays following rapid
accretion after which the BH becomes stationary. We present
below a set of arguments previously provided in Alexander
& Natarajan (2014), to show that the angular momentum
during this early growth stage is in fact very low or nearly
zero during the wandering motion of the BH. While equipar-
tition holds, a BH with mass Mbh ∼ QM∗ on a typical orbit
that is comparable to the wandering radius ∆bh will tend
to accrete mass with low angular momentum due to the
cancelation of the induced velocity and density gradients.
This is expected in Stage 2 of the process outlined in this
work. The random nature of the motion prevents the accu-
mulation of angular momentum in the accretion flow partic-
ularly during the crucial early stages. In terms of physical
processes that help curtail the angular momentum of the
accretion flow, the process of resonant relaxation Rauch &
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Tremaine (1996); Rauch & Ingalls (1998) plays an impor-
tant role and provides a rapid relaxation mechanism for the
angular momentum. However, the ultimate solution for the
angular momentum problem is for the BH to stop accelerat-
ing and remain stationary in a spherical flow as required for
the Bondi solution, which we find is the ultimate fate once
the excursions from the center are finally damped in Stage
3.
Wind accretion while the BH is roving can proceed at
rates exceeding the Eddington limit if the specific angular
momentum in the wind flow, jw, is lower than that of a
plunge orbit, j0 = 4GMbh/c. In that case the gas can flow
directly into the BH without encountering an angular mo-
mentum barrier and forming an accretion disk (Illarionov
& Beloborodov 2001). As outlined in Alexander & Natara-
jan (2014), here too we assume that the gas in the NSC
is pressure-supported and therefore has little angular mo-
mentum. However, we expect velocity and density gradi-
ents to be induced by the random motion across the cap-
ture cross-section pir2a that will generate angular momentum
jw = (dvrel/dr)|rbhr2a(rbh)/4 > j0, where rbh is the distance
of the BH from the cluster center. The typical velocity gra-
dient for rotationally supported gas motion, a conservative
upper limit for the pressure supported gas considered here,
is |dvrel/dr| ∼ |dvφ/dr| < Ω0. The BH’s own accelerated
motion around the cluster center also creates a velocity gra-
dient across ra, whose magnitude is similarly |dvφ/dr| ∼ Ω0.
We note that the magnitude of the angular momentum in
the accretion flow due to orbital acceleration with frequency
Ω0 can be estimated by considering the accretion cross-
section as a thin circular disk rotating around its diameter
at that frequency, so that jw = Iω, where I = MR
2/4 is
the moment of inertia of a disk about a diameter Frank
et al. (2002). This translates to jaccw ∼ Ω0r2a/4. It then
follows that jaccw /j0 ∼ (pi4/9 · 25/4)(Mbh/MNSC)(c/VNSC),
where the virial sound speed c2s = (3/pi
2)GMNSC/RNSC was
adopted. For the fiducial cluster model considered here, typ-
ically jaccw /j0 > 1.
As the BH is continuously driven to sub-equipartition
motion (lower accelerations) by the accretion of non-rotating
gas, two-body scattering by the stars in the cluster can drive
it back to equipartition (and higher accelerations) only as
long as the growth rate is slower than the relaxation rate. As-
suming that supra-exponential growth can occur even with
ja/jISO ∼ few, then the BH begins to decouple dynami-
cally from the cluster early in its growth during Stage 2.
From that point on it is expected that the BH will deceler-
ate, and angular momentum will grow more slowly. Together
with the suppression of angular momentum provided by res-
onant relaxation, it is estimated that the supra-exponential
growth to ∼ 102−3M is possible as the BH reaches and
settles down in the center of the NSC. The assumption that
ja/jISO ∼ few, is compatible with supra-exponential accre-
tion is based on the fact that the initial azimuthal velocity
of the flow at the accretion radius, va = ja/ra is typically
tiny for NSC models, va/cs ∼ O(Mbh/MNSC). In that case,
nearly 100% of the thermal distribution of gas that is flowing
into the BH has j < jISO and can plunge directly into the
BH, while only a fraction ∼ va/cs . 10−3 must circularize.
In this case, the captured gas will initially accumulate
around the BH with some angular momentum jw, as de-
termined by the nearly static boundary conditions at ra.
However, assuming that the mean relative rotation between
the gas and stars is small (as is plausible if the stars were
formed from the cluster gas), then after a two-body relax-
ation timescale trh, the BH will reverse its motion relative
the gas, and the direction of jw will correspondingly also
reverse 3.
At that point, fresh counter-rotating gas will mix with
the stalled accretion disk, and it will quickly drain into the
BH. Assuming that all the captured mass has jw > j0, and
that the accretion disk is inviscid and completely stalled, the
ratio between the maximal disk mass that can accumulate in
a relaxation time and the mass of the BH is (assuming the
high accretion rate limit τa  1 (Alexander & Natarajan
2014),
maxMd
Mbh
=
τaM˙Etr0
Mbh
= τa
tr0
tE
' tr0(0)
t∞
, (31)
where tr0 is the central two-body relaxation time (Eq. ??)
and t∞ is the mass divergence timescale (Eq. ??). For the
cluster models considered here (Table 1), c2s ' σ2 and
maxMd/Mbh ∼ 1.5(µ − 1)σQ/[ηc log(0.1N∗)]  1. This
implies that (1) The gas will reach the BH without frag-
menting, since the gravitational stability criterion is satis-
fied, maxMd/Mbh < [H/R]ra = cs/vk(ra) =
√
2, where
H/R is the disk scale length and vk is the Keplerian velocity;
(2) Even if the accretion flow is stalled on timescales < tr0,
the disk will be drained many times over the mass diver-
gence timescale, and therefore the time-averaged accretion
rate will remain high; and (3) The frequent reversal of Jw
will keep the BH spin, and therefore the radiative efficiency,
low, which will in turn facilitate a high mass accretion rate
in the critical initial growth phase (see the schematic of this
scenario in Fig. S1 in Alexander & Natarajan (2014)).
We also take guidance from findings of previous work
wherein self-correction in Bondi-Hoyle accretion that occurs
in the presence of a small inhomogeneity either a density gra-
dient or a more generalized velocity gradient (as studied by
Davies & Pringle (1980); Ruffert (1999)), leads to the near
cancelation of the net angular momentum accreted. This
also ensures that the angular momentum in the flow actu-
ally drops sharply during the critical early stages of growth
between Mi and Meq permitting unimpeded growth. The
generation of density and velocity gradients in the accre-
tion flow and details of the capture process are presented
in detail in Alexander & Natarajan (2014), here we distill
the key points to make the case that during the early stage
of subsonic wind accretion onto the roving BH, the angular
momentum barrier does not stifle growth.
Our picture of a wandering BH accreting in an inho-
mogenuous medium with both density and velocity gradi-
ents is yet to be numerically studied in simulations, how-
ever, ballistic wind accretion in the hypersonic limit wherein
gas pressure can be neglected has been studied and we take
guidance from these treatments. Work by Davies & Pringle
(1980), 2D calculations show that the cancelation of angular
3 The difference between the a velocity gradient due to the BH’s
acceleration relative to non-rotating gas (i.e. the same mean an-
gular velocities for the BH and the gas, 〈ωbh〉 − 〈ωg〉 = 0) and
that due to true rotation (〈ωbh〉 − 〈ωg〉 6= 0) is that only in the
former case scattering can cancel out the angular momentum of
the accretion flow.
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momentum we rely on here, does occur in the presence of
both density and velocity gradients in the medium. In fact,
they recover the same behavior to first order in the pres-
ence of these inhomogenities as the homogenous case. The
3D case was investigated with hydrodynamical simulations
by Livio et al. (1986), where they studied mass and angular
momentum capture in the presence of density gradients and
find that the mass capture rate is roughly the same as for
the case of homogenous wind accretion though the capture
efficiency is low. Ruffert (1999) studied the mass capture in
flows with both density and velocity gradients and found
that it was high and that the efficiency of angular momen-
tum capture though depended strongly on the details of the
flow. Here, we assume an average value from these stud-
ies for the typical angular momentum capture efficiency of
∼ 1/3. The specific angular momentum in the accretion flow
is given by:
ja =
1
4
(
dlogρ
dlogr
−−2(3u
2
a − 1
u2a + 1
)
dlogv
dlogr
) Ωrbh r
2
a (32)
where ua is the velocity of the BH at the accretion radius,
and both velocity and density gradients as well as the an-
gular momentum are computed along the orbit of the BH
on its oscillations away from the NSC center. The density
gradient can be computed explicitly for the Plummer model,
for which it is dimensionless and always negative:
dlogρ
dlogr
= −5 (r/RNSC)
2
1 + (r/RNSC)2
(33)
The fiducial parameters for which these density and veloc-
ity gradient terms cancel and give ja = 0 suggest that the
angular moment barrier can be circumvented in the early
stages.
5 RESULTS: ESTIMATING BH GROWTH IN
A NSC
Adopting a Plummer model for a fiducial NSC, parametrized
by range of characteristic masses and radii typical of mod-
erate density NSCs shown in Table 1, we compute the BH
mass growth factors for a divergence timescale t∞ = 2×107
yr, for two values of the initial BH seed mass Mi = 5M
and Mi = 10M in Stage 1. We find that the dynamics in
these moderately dense clusters are reasonably slow with
typical cluster velocities ranging from 13.1 − 18.8km s−1;
the computed half-mass relaxation timescales ranging from
1.7 − 7.4 × 108 yr are longer than t∞; and the calculated
evaporation and collisional destruction timescales are ex-
tremely long (> 1010 yr). The vector resonant relaxation
timescales ranging from 1 − 1.7 × 106 yr are short enough
to be relevant as discussed for slowing down the growth of
an accretion disk by the randomization of the BH orbit, in
fact, tνRR ∼ (1/20)t∞− (1/10)t∞, yielding angular momen-
tum suppression by resonant relaxation by factors f ranging
from 5 - 10 where f =
√
t∞/tνRR. For the models explored
here, we find that the final BH mass at the end of Stage 2
ranges from Mbh ∼ 25− 100M.
So out to this point in the very early growth the wander-
ing BH on orbits of the scale of the wandering radius ∆bh
will accrete with very little angular momentum. Past this
Stage 2, we argue that the randomizing of the angular mo-
mentum effected by vector resonant relaxation ensures only
Wandering BH
MBH~ 5 – 10 solar masses
STAGE 1   
Wandering damped BH
MBH~ 25 – 100 solar masses
STAGE 2  
Stationary  BH
MBH~ 100 – 1000 solar masses
STAGE 3 
Figure 1. Schematic figure showing the range of BH masses that
could be grown in the centers of dense, gas-rich NSCs. Starting
with a seed stellar remnant with mass ranging from 5 − 10M,
that is in equipartition with stars in the NSC, it experiences rapid
growth via wind-fed accretion while wandering around the core
of the NSC. As it gains mass, it can no longer to be kept in
equipartition with the stars and gas and starts to get dynamically
decoupled from the stars. This occurs when it has grown to 25−
100M (Stage 2). At this juncture, it starts to decelerate and
make its way to the center and starts accreting as a stationary,
central source and it could grow in this phase to a final mass of
100 − 1000M (Stage 3). Depending on the availability of gas,
it could keep growing up to a terminal mass of 105M at which
point all the available gas would be close to depleted.
very low residual angular momentum in the accreted gas.
Vector resonant relaxation will be effective as long as the BH
is conducting random excursions away from the NSC center
till the assumption of equipartition ceases to be valid. As
argued here and as derived in detail in Alexander & Natara-
jan (2014), the most severe constraints are in the very early
growth stages and once, the wandering BH has grown to a
final mass that is ∼ (20−100)×Mi its initial seed mass, the
exponential growth phase terminates. This leads to masses
at Stage 3 ranging from 100− 1000M IMBHs and further
growth will occur at rates entirely dictated by the avail-
able gas supply in the inner regions of the NSC. In gas rich
NSCs considered here, these BHs can easily grow to into
IMBHs with masses of 104−5M, if accretion proceeds in
an Eddington limited fashion or even at sub-Eddington rates
thereafter. Therefore, for modest redshift NSCs (3 < z < 1)
there is ample time to grow these to the IMBH masses cur-
rently detected in low-mass galaxies. So, in effect we show
that the combination of accretion physics coupled with the
dynamics of NSCs offers a very conducive environment to
produce BHs ranging in mass from 100M to ∼ 104−5M.
Therefore, gas-rich, dense NSCs can effectively serve as incu-
bators for the formation of IMBHs throughout cosmic time.
6 CONCLUSIONS AND DISCUSSION
In this work, we present a new channel for the formation of
IMBHs in dense, gas-rich NSCs. NSCs, we show, can incu-
bate the growth of an initially stellar mass black hole rem-
nant into an IMBH. And this process can occur in NSCs
throughout cosmic time. This continual BH formation mech-
anism can proceed and result in a range of final BH masses:
if the process truncates pre-maturely, then growth stalls re-
MNRAS 000, ??–?? (2017)
12 Natarajan
MNSC RNSC Q VNSC vbh ∆bh trh tνRR tevap
Model A1Aa 2× 104M 0.25 pc 5 18.8 kms−1 11.5 kms−1 0.08pc 1.7× 108 yr 1.8× 106 yr ∼ 1.7× 1010 yr
Model A1Ab 2× 104M 0.25 pc 10 18.8 kms−1 8.2 kms−1 0.06pc 1.7× 108 yr 1.0× 106 yr ∼ 1.7× 1010 yr
Model A2Aa 2× 104M 0.5 pc 5 13.1 kms−1 8.0 kms−1 0.18pc 7.4× 108 yr 1.9× 106 yr ∼ 7.4× 1010 yr
Model A2Ab 2× 104M 0.5 pc 10 13.1 kms−1 5.7 kms−1 0.13pc 7.4× 108 yr 1.1× 106 yr ∼ 7.4× 1010 yr
Table 1. Computed values of characteristic model parameters for a NSC with 2× 104 stars with total mass MNSC; radius RNSC; cluster
velocity VNSC; velocity of the BH vbh; the wandering distance for the BH from the NSC center ∆bh; the two-body relaxation timescale
calculated at the NSC half-mass radius trh; the vector resonant relaxation timescale tνRR and the estimated NSC evaporation timescale.
Note that the vector resonant relaxation timescale is significantly shorter (by about two orders of magnitude) than the two-body relaxation
timescale and the typical evaporation timescale is longer than the age of the universe for a range of model parameters.
sulting in BHs with masses in the range 25− 100M. How-
ever, if the process continues unimpeded, then the mass of
the BH, reaches between 100 − 1000M, at which point it
settles at the center after which subsequent growth is en-
tirely limited by gas supply, comfortably yielding final IMBH
masses of 104−5M.
To summarize the model, the setting explored is here
that of an initial 5−10M seed BH, embedded in a gas-rich
NSC wherein it starts off in fluctuation-dissipation equilib-
rium with the cluster stars and gas. Following the dynam-
ics of this seed BH as a test-particle, we find that it os-
cillates and wanders about the center due to interactions
with cluster stars. Our proposed scenario is driven then by
the supra-exponential wind-fed accretion of gas with finite
optical depth onto this wandering BH facilitated by the dy-
namics of the BH in the host cluster. In the early growth
phase, the random walking BH scatters off the stars which
keeps the angular momentum in the accretion flow low. As
is well known, any stronger-than-linear dependence of the
accretion rate on the BH mass, leads to divergent growth
of the BH mass in a finite time. This is the case in this
early growth stage, and the timescale for divergence can be
explicitly computed for the case of Bondi accretion in this
setting. The physical conditions and constraints required for
BH growth to proceed unimpeded in the NSC core region
require that the cluster be and remain dynamically stable
throughout. We find that the survival of the cluster is not
a limiting factor on the time available for BH growth in
the NSC environment. The shortness of the mass divergence
timescale compared to other relevant dynamical timescales
for the NSC permits this mass amplification process to pro-
ceed.
In addition to the availability of gas which is a fun-
damental constraint on accretion, circumventing the angu-
lar momentum barrier is also needed for mass to accrete
onto the compact object. We find that the accretion in the
NSC environment is not throttled by an angular momen-
tum barrier by implicating two processes: the wandering of
the BH due to scattering and vector resonant relaxation.
As growth commences, random 2-body scattering of the BH
by a small number of stars that are embedded in the core
suffices to prevent the formation of an angular momentum
barrier in the form an accretion disk. At this juncture, the
disk-suppression mechanism is analogous to the concept of
chaotic accretion introduced by King & Pringle (2006) in
the context of MBH growth and spin evolution. Chaotic ac-
cretion refers to the situation where the direction of gas flow
randomly changes with respect to the MBH. Here, it is the
BH orbit that changes randomly with respect to the flow.
And subsequent to this, we invoke rapid angular momen-
tum relaxation of the orbit by vector resonant relaxation
which operates in nearly spherical stellar systems like the
NSC center where the BH orbits during its excursions. This
well established process of vector resonant relaxation helps
suppress the growth of an accretion disk around the wander-
ing BH. Resonant relaxation, we argue, ensures suppression
and circumvention of the angular momentum barrier. This
occurs when the acceleration of the BH in the NSC falls
below its equipartition value early on due to the accretion
of pressure-supported (non-rotating) gas in the cluster, sup-
pressing the build-up up of angular momentum in the flow
and even possibly reversing it. Angular momentum relax-
ation occurs on the very short vector resonant relaxation
time-scale (computed and shown for typical NSC models in
Table 1), shorter than the mass divergence timescale, per-
mitting circumvention of the angular momentum barrier for
accretion.
The initial growth phase is the critical stage for our
picture, and it is also the regime where the stellar dynam-
ics in the NSC can be modeled reliably analytically. Early
growth therefore occurs via supra-exponential accretion in
two stages: when the motion of the seed BH can be mod-
eled as a simple harmonic oscillator as it in equipartition
with the rest of the NSC and when the BH mass has grown
significantly so that two body relaxation processes can no
longer maintain equipartition and the motion is now that of
a damped harmonic oscillator with progressively smaller ex-
cursions from the center before it finally gets massive enough
that it can no longer be modeled as a test-particle and set-
tles down into the center. After this final configuration is
reached, continued growth by accretion is determined by
the available gas supply. Depletion of the entire available
gas reservoir can lead to a final IMBH mass of ∼ 104−5M.
We have demonstrated that NSCs can incubate the for-
mation of IMBHs throughout cosmic time tracing the mass
assembly process using reliable analytic models. There are
several caveats and limits to the modeling approach adopted
here. We have made a couple of approximations whose valid-
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ity while adequately justified, needs to be examined in fur-
ther detail preferably using tailored numerical simulations.
For instance, carefully computing the transition from Stage
1 (random walk executed about the NSC center as harmonic
motion) to Stage 2 (when motion is that of a damped har-
monic oscillator) of the process when equipartition can no
longer be maintained would be useful to explore further nu-
merically. In this treatment, we have also not taken into
account the larger scale galactic environment in which the
NSC is embedded, and we have treated the NSC as a closed
box cocoon. Including phenomena on much larger physical
scales and exploring the cross-talk between the environment
and the NSC is the beyond the scope of our current study.
Fully self-consistent simulations are not currently possible,
as they are computationally prohibitive given the coupling
of physical scales, astrophysical processes and large-scale en-
vironmental effects that need to be taken into account. In
future work, we plan to explore the use of more sophisticated
models and couple them to idealized simulations to further
study this mechanism in detail.
6.1 Implications for the formation of massive
LIGO-VIRGO black hole sources
Traditionally, the formation channels considered for LIGO-
VIRGO sources are either isolated, field stellar binary sys-
tems or dynamical formation mechanisms that operate in
denser environments - stellar systems like star clusters -
usually globular clusters (for details of proposed models see
reviews by Mandel & Farmer (2018); Mapelli (2018) and
references therein). Many previously proposed models offer
scenarios to form the more massive stellar components of
thus far detected GW sources that go beyond stellar col-
lapse, wherein subsequent mergers in dense stellar environ-
ments like globular clusters are implicated (Miller & Hamil-
ton 2002; Gerosa & Berti 2017; Antonini et al. 2019; Fish-
bach et al. 2017).
As described here, in addition to other channels sug-
gested previously, we propose that supra-exponential growth
a of stellar mass BH embedded in a gas-rich NSC pro-
vides a conducive environment to amplify black hole masses
throughout cosmic time. If BH growth is stalled prema-
turely during the process described here, once the BH is
no longer in equipartition then growth can be truncated at
lower masses, leaving behind a final BH weighing 25−100M
in the NSC. Therefore, the production of more massive
stellar mass BHs is envisaged as a possible outcome of
the processes we invoke here. NSCs can therefore be the
sites to naturally produce BHs with masses in the range
of 25 - a few 100 M if the supra-exponential growth by
accretion terminates precipitately. Thus far the inferred
black hole masses of the compact binary coalescences de-
tected in the first and second LIGO-VIRGO observing runs
point to masses ranging up to 50M (GW170729) and
even 85M (GW190521) (see complete list of secure events
at https://www.gw-openscience.org/eventapi/html/GWTC-
1-confident/), it is notable that close to half of the merg-
ing candidates have masses in excess of 25 M. Premature
termination of the growth channel in NSCs presented here
could lead to the formation of such a population of BHs.
The physical mechanism proposed here could also ac-
count for the recently reported detection of GW190521, a bi-
nary black hole merger by the LIGO-VIRGO collaboration.
GW190521 is inferred to be the merger of two black holes
with masses 85+2114 M and 66
+17
18 M with a total merged
mass of ∼ 142M (The LIGO Scientific Collaboration et al.
2020). Intriguingly, while the origin of the less massive com-
ponent, given the uncertainties, can be attributed to be the
result of the collapse of a star with a helium core subject to
pulsational pair instability, the origin of more massive com-
ponent is incompatible with a direct stellar origin as it lies
in the so-called mass gap. Stars with masses in the range of
65−135M are not expected to leave a compact remnant at
all, in contrast to stars with masses greater than 135M that
collapse directly to black holes (Heger & Woosley (2002);
Woosley (2017)).
Several plausible astrophysical formation scenarios to
account for the properties of the merging components in
GW190521 in the mass gap have been proposed and these
include cascading multiple stellar coalescences; hierarchical
stellar mergers occurring either in star clusters or in accre-
tion disks around active galactic nuclei (see Abbott et al.
(2020) and references therein). In a recent paper, Baib-
hav et al. (2020) make the case that the mass gap arises
only when considering field formation models and forma-
tion by mergers in denser cluster environments can easily
fill the gap. There has been extensive work on modeling
to fill the mass gap by invoking runaway mergers and re-
peated mergers (for instance, runaway mergers Ebisuzaki
et al. (2001); Miller & Hamilton (2002); multi-generational
repeated merger build-up scenarios Gerosa & Berti (2017);
Fishbach et al. (2017); Rodriguez et al. (2019); Antonini
et al. (2019); Kremer et al. (2020); Kimball et al. (2020);
and runaway growth Kovetz et al. (2018)). Multiple merger
scenarios have also been proposed in migration traps of AGN
accretion disks (McKernan et al. 2012).
It is easier to calculate statistical properties from ana-
lytic merger models like many of the above mentioned treat-
ments consider, while it is considerably more challenging to
do so for an accretion driven growth model in NSCs con-
sidered here. The mechanism of amplification in NSCs in
multiple stages presented here offers a natural and efficient
environment for generating the population of black holes
who final masses at the end of Stage 3 are amplified by fac-
tors of 50 - 100 times their initial seed mass. This occurs
during the early wandering stage, wherein the subsonically
moving BH accretes at supra-exponential rates with a cir-
cumventable angular momentum barrier as outlined above
(Stage 2; see schematic in Fig. 1).
The channel we propose here can rapidly grow ini-
tial black hole seeds by an order of magnitude or more
comfortably at all cosmic epochs. To explain a source like
GW190521 we envisage the following scenario: the primary
component could form from a wandering stellar remnant
that grows rapidly via supra-exponential accretion and then
settles down to slower growth via accretion after sinking
to the center reaching a terminal mass of ∼ 85 M with
growth capped by inefficient accretion thereafter; the sec-
ondary could result from a second wanderer that repeats
the same random walk process but accretes at a lower rate
and therefore reaching a lower terminal mass due to the
suppression of accretion induced by feedback from the pri-
mary. The mass of secondary is expected to be capped at
lower value (∼ 66 M in this case) due to feedback from
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the central more massive BH curtailing its growth. Per this
explanation, as both these black holes would have grown pri-
marily by wind-fed accretion in NSC core regions, the pair is
expected to have unequal masses. Therefore, if this environ-
ment is implicated in the formation of such LIGO-VIRGO
sources, our picture predicts that the two component BHs
will necessarily have unequal masses.
The model presented here offers a range of outcomes in
terms of final BH masses incubated in the environment of
dense NSC depending on the stage at which the growth is
halted. To explain LIGO-VIRGO sources, the picture pre-
sented here would be required to terminate in the second
stage. While the current sensitivity of LIGO-VIRGO ex-
tends out to ∼ 120Mpc, the statistics of such events from
data of future runs will help greatly in honing their birth
processes and testing the viability of this channel Abbott
et al. (2020); Ezquiaga & Holz (2020).
In future work, with hybrid modeling that combines our
current analytic approach with idealized simulations, we will
be able to estimate the merger rate for such stalled sources.
We plan to adapt this physical picture to predict the proper-
ties of a population of IMBHs produced via this mechanism.
For merger driven formation scenarios, as explored in Baib-
hav et al. (2020), it is computationally feasible to construct
population models from which the statistics of mass dis-
tributions and spin distributions can be predicted straight-
forwardly. Accretion driven growth scenario models like the
one studied in this work, have more messy astrophysics that
operates with uncertainties that are harder to quantify as
evidenced in our current treatment. In future work, we plan
on translating these models to be able to compute quanti-
tative details like masses, mass ratios and spins that render
them more amenable to study statistically. This will permit
us to make more concrete predictions of outcomes - termi-
nal masses that lie at the low mass end of the IMBH mass
spectrum - that can be compared to the accumulating GW
data-sets.
6.2 Implications for the origin of Black Holes in
low-mass galaxies
The physical processes described above, if they proceed to
terminate as we outline, all the way to producing a BH at the
center of the NSC will inevitably yield IMBHs with masses
in the range of 104−5M if gas is present. Since NSCs do not
always inhabit the centers of their host galaxies, this mech-
anism can naturally produce in-situ off-center black holes.
Simulations predicted off-center locations for low mass BHs
in dwarf galaxies Bellovary et al. (2019b). Recent work has
shown that while stellar markers (disturbed observed mor-
phology) of galaxy mergers are likely to dissipate relatively
promptly, the mergers of the BHs are expected to occur
well after the merged stellar population settles down and
are likely to be on-going out to late times Volonteri et al.
(2020). While such a galaxy merger residue origin for the
off-center BHs is certainly possible, in the context of LCDM
since low mass galaxies today are likely to have experienced
on average no more than one merger with mass ratio of 1
- 0.1, it seems unlikely. Therefore, we contend that IMBHs
grown in NSCs offer a natural explanation for the observed
off-center sources.
From a first large-scale search in radio wavelengths for
massive BHs in nearby dwarf galaxies with M∗ 6 3 ×
109M, Mezcua et al. (2019) report finding 13 sources con-
firmed to be AGN as the emission characteristics are incon-
sistent with the other possibilities, namely thermal emission
from HII regions, emission from supernovae or supernovae
remnants. With the exception of one source, these AGN in
dwarf galaxies are hidden in the optical and IR wavelengths.
While the masses of BHs powering these sources are not
currently measured, from the extrapolation of the current
known scaling relations to these lower stellar mass systems,
they are expected to lie right in the IMBH mass range.
Intriguingly, many of these sources also lie off-center
similar to detections of the optically selected AGNs in dwarf
galaxies. Reines et al. (2020) speculate that tidal stripping
during galaxy mergers or post galaxy merger gravitational
recoil might be responsible for the physical locations of these
off-center sources. Mezcua et al. (2019) report the discov-
ery of 35 star forming dwarf galaxies hosting AGN out to
z < 3, from a search in radio wavelengths. Their estimated
bolometric luminosities of > 1042 erg s−1 derived from the
fit of their spectral energy distributions (after removing
the contribution from star formation) are consistent with
being powered by accretion onto IMBHs. The compact 3
GHz radio emission suggests that the jet powers range from
∼ 1042−44 erg s−1 and the estimated jet efficiencies are in
excess of 10%, revealing that dwarf galaxies can host pow-
erful radio jets and the mechanical feedback from these can
strongly impact both star formation and black hole growth
in their hosts. Exploring the implications of these findings in
detail Mezcua (2019) conclude that in dwarf galaxies, AGN
feedback can play a significant role in structuring the galaxy.
This in turn they argue implies that accreting black holes
hosted in dwarf galaxies may not provide insights into early
seed BH formation as they are not expected to be pristine
relics. According to our model, if NSCs are indeed the sites
for the continual formation of IMBHs from mass amplifi-
cation of stellar mass BH seeds, then they cannot directly
inform us on the formation mechanisms of seed BHs. Mean-
while, a mode of continual BH seed formation throughout
cosmic time as proposed here, might be what is needed to ex-
plain the black holes detected in these low-mass systems. In
this work, we have presented the theoretical framework that
offers precisely that, a physical process that could operate
at all times, in this instance in fairly abundantly available
gas-rich NSCs as sites that could serve as incubators for the
IMBHs that are harbored in these low mass galaxies.
6.3 Implications for the occupation fraction and
enhanced LISA merger rates
In the scenario presented here, NSCs in the central regions
of galaxies are proposed as incubation sites for the assem-
bly and growth of IMBHs. Observations reveal that NSCs
frequently inhabit galaxies at modest to low redshifts, there-
fore permitting continual IMBH formation over cosmic time.
Once an IMBH has been assembled in a NSC via the accre-
tion driven growth process described here, there are several
possible subsequent fates. Even a minor galaxy merger could
then entirely disrupt the NSC with the embedded IMBH and
expel the IMBH to the center of the galaxy. If the parent
galaxy already contains a central BH, these two sources - the
likely supermassive central one and the IMBH - could merge
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producing gravitational waves potentially detectable by the
planned Laser Interferometer Space Mission (LISA) mission.
LISA has high sensitivity to BH binaries that comprise an
IMBH spiraling into an SMBH Bellovary et al. (2019b); Ba-
rausse et al. (2015). However, if the parent galaxy does not
harbor a central BH itself, upon disruption of the NSC by a
minor merger the IMBH is apt to be captured to the center
of the parent galaxy. Alternatively, if the parent galaxy and
the merging galaxy both contain central black holes, then
the IMBH from the disrupted NSC is likely to participate
in a three-body interaction that could further lead to one
of several outcomes, including the ejection of the lightest
BH in the ensemble (Van Wassenhove et al. 2014). Comput-
ing accurate theoretical merger rates for LISA detections
has been challenging as these rates involve the convolution
of the three physical process that are all presently riddled
with uncertainties: the currently unconstrained initial mass
function of seed black holes, our gaps in understanding the
details of accretion physics and the poor understanding of
the dynamical processes that effect the final mergers of black
holes Ricarte & Natarajan (2018b). Uncertainties in the dy-
namics of how binaries form and tighten, and the time-scale
on which this occurs and whether gas in the centers of galax-
ies is implicated in catalyzing these mergers prevent making
accurate merger rate predictions at present. However, it is
clear that the addition of this new feasible continual seed
formation channel can only add to the expected number of
LISA merger events.
Meanwhile, if as proposed this process of making
IMBHs in NSCs operates as described, then it also has im-
portant implications for the overall census of BHs in the
universe and their occupation fraction in galaxies. Our work
suggests if NSCs are feasible sites for IMBH formation, it in-
evitably implies that the BH occupation fraction of galaxies
ought to be high even at modest redshifts (z ∼ 3). Pre-
dictions of occupation fraction and merger events rates are
yet to be computed incorporating the continual seed for-
mation model presented here. In future work, we plan to
implement and add this mechanism into our current semi-
empirical black hole growth framework (Ricarte & Natara-
jan 2018a) that tracks the formation and fueling of black
hole seeds over cosmic time. We will explore integrating this
new continual IMBH formation channel and study it in more
detail coupling idealized numerical models of gas-rich NSCs
with the previously developed demographic models.
ACKNOWLEDGEMENTS
I gratefully acknowledge many useful conversations with the
late Tal Alexander on this problem. My own thinking on ac-
cretion physics was greatly sharpened by many discussions
and work over the years with Phil Armitage, Marta Volon-
teri, Chris Reynolds, Jim Pringle and Mitch Begelman - to
them, I am deeply thankful.
REFERENCES
Abbott R., et al., 2020, The Astrophysical Journal, 900, L13
Abel T., Bryan G. L., Norman M. L., 2002, Science, 295, 93
Agarwal B., Dalla Vecchia C., Johnson J. L., Khochfar S.,
Paardekooper J.-P., 2014, MNRAS, 443, 648
Agarwal B., Smith B., Glover S., Natarajan P., Khochfar S., 2016,
MNRAS, 459, 4209
Alexander D. M., Hickox R. C., 2012, New A Rev., 56, 93
Alexander T., Natarajan P., 2014, Science, 345, 1330
Alvarez M. A., Wise J. H., Abel T., 2009, ApJ, 701, L133
Amaro-Seoane P., et al., 2017, arXiv e-prints, p. arXiv:1702.00786
Antonini F., Barausse E., Silk J., 2015, ApJ, 812, 72
Antonini F., Gieles M., Gualandris A., 2019, MNRAS, 486, 5008
Baibhav V., Gerosa D., Berti E., Wong K. W. K., Helfer T.,
Mould M., 2020, Phys. Rev. D, 102, 043002
Baldassare V. F., Reines A. E., Gallo E., Greene J. E., 2015, ApJ,
809, L14
Baldassare V. F., Geha M., Greene J., 2018, preprint, p.
arXiv:1808.09578 (arXiv:1808.09578)
Barausse E., Bellovary J., Berti E., Holley-Bockelmann K., Far-
ris B., Sathyaprakash B., Sesana A., 2015, in Journal of
Physics Conference Series. p. 012001 (arXiv:1410.2907),
doi:10.1088/1742-6596/610/1/012001
Begelman M. C., 1978, MNRAS, 184, 53
Begelman M. C., Volonteri M., Rees M. J., 2006, MNRAS, 370,
289
Bellovary J. M., Cleary C. E., Munshi F., Tremmel M., Chris-
tensen C. R., Brooks A., Quinn T. R., 2019a, MNRAS, 482,
2913
Bellovary J. M., Cleary C. E., Munshi F., Tremmel M., Chris-
tensen C. R., Brooks A., Quinn T. R., 2019b, MNRAS, 482,
2913
Binney J., Tremaine S., 2008, Galactic Dynamics: Second Edition
Bondi H., 1952, MNRAS, 112, 195
Bromm V., Larson R. B., 2004, ARA&A, 42, 79
Chatterjee P., Hernquist L., Loeb A., 2002, ApJ, 572, 371
Clark P. C., Glover S. C. O., Klessen R. S., 2008, ApJ, 672, 757
Davies R. E., Pringle J. E., 1980, MNRAS, 191, 599
Davies M. B., Miller M. C., Bellovary J. M., 2011, ApJ, 740, L42
Devecchi B., Volonteri M., 2009, ApJ, 694, 302
Devecchi B., Volonteri M., Colpi M., Haardt F., 2010, MNRAS,
409, 1057
Di Matteo T., Springel V., Hernquist L., 2005, Nature, 433, 604
Ebisuzaki T., et al., 2001, ApJ, 562, L19
Edgar R., 2004, New A Rev., 48, 843
Eisenstein D. J., Loeb A., 1995, ApJ, 443, 11
Ezquiaga J. M., Holz D. E., 2020, arXiv e-prints, p.
arXiv:2006.02211
Fan X., et al., 2003, AJ, 125, 1649
Feldmeier-Krause A., Zhu L., Neumayer N., van de Ven G., de
Zeeuw P. T., Scho¨del R., 2017, MNRAS, 466, 4040
Ferrara A., Salvadori S., Yue B., Schleicher D., 2014, MNRAS,
443, 2410
Ferrarese L., 2002, ApJ, 578, 90
Fishbach M., Holz D. E., Farr B., 2017, ApJ, 840, L24
Frank J., King A., Raine D. J., 2002, Accretion Power in Astro-
physics: Third Edition
Genzel R., Eisenhauer F., Gillessen S., 2010, Reviews of Modern
Physics, 82, 3121
Georgiev I. Y., Bo¨ker T., Leigh N., Lu¨tzgendorf N., Neumayer N.,
2016, MNRAS, 457, 2122
Gerosa D., Berti E., 2017, Phys. Rev. D, 95, 124046
Ghez A. M., et al., 2008, ApJ, 689, 1044
Giersz M., Heggie D. C., 1994, MNRAS, 268, 257
Gillessen S., et al., 2016, preprint, (arXiv:1611.09144)
Greene J. E., 2012, Nature Communications, 3, 1304
Haehnelt M. G., Natarajan P., Rees M. J., 1998, MNRAS, 300,
817
Heger A., Woosley S. E., 2002, ApJ, 567, 532
Heggie D., Hut P., 2003, The Gravitational Million-Body Prob-
lem: A Multidisciplinary Approach to Star Cluster Dynamics
Hirano S., Hosokawa T., Yoshida N., Umeda H., Omukai K., Chi-
aki G., Yorke H. W., 2014, ApJ, 781, 60
MNRAS 000, ??–?? (2017)
16 Natarajan
Hong J., Im M., Kim M., Ho L. C., 2015, ApJ, 804, 34
Hoyle F., Lyttleton R. A., 1939, Nature, 144, 1019
Illarionov A. F., Beloborodov A. M., 2001, MNRAS, 323, 159
Jahnke K., Maccio` A. V., 2011, ApJ, 734, 92
Kauffmann G., Haehnelt M., 2000, MNRAS, 311, 576
Kimball C., Talbot C., Berry C. P. L., Carney M., Zevin
M., Thrane E., Kalogera V., 2020, arXiv e-prints, p.
arXiv:2005.00023
King A. R., Pringle J. E., 2006, MNRAS, 373, L90
Komossa S., 2015, Journal of High Energy Astrophysics, 7, 148
Kormendy J., Ho L. C., 2013, ARA&A, 51, 511
Kormendy J., Richstone D., 1995, ARA&A, 33, 581
Koushiappas S. M., Bullock J. S., Dekel A., 2004, MNRAS, 354,
292
Kovetz E. D., Cholis I., Kamionkowski M., Silk J., 2018,
Phys. Rev. D, 97, 123003
Kremer K., et al., 2020, arXiv e-prints, p. arXiv:2006.10771
Lemons S. M., Reines A. E., Plotkin R. M., Gallo E., Greene
J. E., 2015, ApJ, 805, 12
Livio M., Soker N., de Kool M., Savonije G. J., 1986, MNRAS,
222, 235
Lodato G., Natarajan P., 2006, MNRAS, 371, 1813
Lodato G., Natarajan P., 2007, MNRAS, 377, L64
Lupi A., Colpi M., Devecchi B., Galanti G., Volonteri M., 2014,
MNRAS, 442, 3616
Mandel I., Farmer A., 2018, arXiv e-prints, p. arXiv:1806.05820
Mapelli M., 2018, arXiv e-prints, p. arXiv:1809.09130
Marian V., et al., 2019, ApJ, 882, 141
McKernan B., Ford K. E. S., Lyra W., Perets H. B., 2012, MN-
RAS, 425, 460
Mechtley M., et al., 2016, ApJ, 830, 156
Mezcua M., 2019, Nature Astronomy, 3, 6
Mezcua M., Domı´nguez Sa´nchez H., 2020, ApJ, 898, L30
Mezcua M., Civano F., Marchesi S., Suh H., Fabbiano G., Volon-
teri M., 2018, preprint, (arXiv:1802.01567)
Mezcua M., Suh H., Civano F., 2019, MNRAS, 488, 685
Miller M. C., Hamilton D. P., 2002, MNRAS, 330, 232
Mullaney J. R., et al., 2012, ApJ, 753, L30
Murphy B. W., Cohn H. N., Durisen R. H., 1991, ApJ, 370, 60
Natarajan P., 2014, General Relativity and Gravitation, 46, 1702
Neumayer N., Seth A., Bo¨ker T., 2020, A&A Rev., 28, 4
Oh S. P., Haiman Z., 2002, ApJ, 569, 558
Pacucci F., Natarajan P., Volonteri M., Cappelluti N., Urry C. M.,
2017, ApJ, 850, L42
Pardo K., et al., 2016, ApJ, 831, 203
Peng C. Y., 2007, ApJ, 671, 1098
Rauch K. P., Ingalls B., 1998, MNRAS, 299, 1231
Rauch K. P., Tremaine S., 1996, New A, 1, 149
Rees M. J., 1988, Nature, 333, 523
Reines A. E., Deller A. T., 2012, ApJ, 750, L24
Reines A. E., Condon J. J., Darling J., Greene J. E., 2020, The
Astrophysical Journal, 888, 36
Remillard R. A., McClintock J. E., 2006, Annual Review of As-
tronomy and Astrophysics, 44, 49
Ricarte A., Natarajan P., 2018a, MNRAS, 474, 1995
Ricarte A., Natarajan P., 2018b, MNRAS, 481, 3278
Rivinius T., Baade D., Hadrava P., Heida M., Klement R., 2020,
A&A, 637, L3
Rodriguez C. L., Zevin M., Amaro-Seoane P., Chatterjee S., Kre-
mer K., Rasio F. A., Ye C. S., 2019, Phys. Rev. D, 100, 043027
Ruffert M., 1999, A&A, 346, 861
Saglia R. P., et al., 2016, ApJ, 818, 47
Scho¨del R., Merritt D., Eckart A., 2008, in Journal of
Physics Conference Series. p. 012044 (arXiv:0810.0204),
doi:10.1088/1742-6596/131/1/012044
Skinner D., Wise J. H., 2020, MNRAS, 492, 4386
Soffel M. H., 1982, A&A, 116, 111
Somerville R. S., Hopkins P. F., Cox T. J., Robertson B. E.,
Hernquist L., 2008, MNRAS, 391, 481
Stone N. C., Ku¨pper A. H. W., Ostriker J. P., 2017, MNRAS,
467, 4180
The LIGO Scientific Collaboration et al., 2016, Phys. Rev. Lett.,
116, 061102
The LIGO Scientific Collaboration et al., 2020, arXiv e-prints, p.
arXiv:2009.01075
Treister E., Schawinski K., Urry C. M., Simmons B. D., 2012,
ApJ, 758, L39
Tremaine S., et al., 2002, ApJ, 574, 740
Van Wassenhove S., Capelo P. R., Volonteri M., Dotti M.,
Bellovary J. M., Mayer L., Governato F., 2014, MNRAS, 439,
474
Villforth C., et al., 2017, MNRAS, 466, 812
Volonteri M., Natarajan P., 2009, MNRAS, 400, 1911
Volonteri M., Rees M. J., 2005, ApJ, 633, 624
Volonteri M., Haardt F., Madau P., 2003, ApJ, 582, 559
Volonteri M., Lodato G., Natarajan P., 2008, MNRAS, 383, 1079
Volonteri M., et al., 2020, arXiv e-prints, p. arXiv:2005.04902
Wise J. H., Regan J. A., O’Shea B. W., Norman M. L., Downes
T. P., Xu H., 2019, arXiv e-prints, p. arXiv:1901.07563
Woosley S. E., 2017, ApJ, 836, 244
van den Bosch R. C. E., 2016, ApJ, 831, 134
MNRAS 000, ??–?? (2017)
